Abstract Introduction Estrogen inhibits lactation and bisphenol A (BPA) is a high production environmental estrogen. We hypothesize an inhibitory effect of BPA on lactation and aim to analyze the association between third trimester pregnancy urinary BPA and breastfeeding rates 1 month postpartum. Methods Odds ratios (OR) and 95 % confidence intervals (95 % CI) of breastfeeding and perceived insufficient milk supply (PIM) in relation to maternal peripartum urinary BPA concentrations were calculated in 216 mothers. Results 97.2 % of mothers in the lowest BPA tertile were breastfeeding at 1 month postpartum, compared to 89.9 % in highest (p = 0.01). Adjusted ORs (95 % CI) for not breastfeeding at 1 month were 1.9 (0.3, 10.7) and 4.3 (0.8, 21.6) for second and third BPA tertiles, respectively, compared to the lowest (p = 0.06, trend). 4.2 % reported PIM in the lowest BPA tertile, compared to 8.7 % in the highest (p = 0.03). Adjusted ORs (95 % CI) for PIM were 1.8 (0.4, 7.7) and 2.2 (0.5, 9.5), for the second and third BPA tertiles, respectively, compared to the lowest (p = 0.29, trend). Discussion These results suggest an association between maternal BPA exposure and decreased breastfeeding.
Introduction
Breastfeeding has numerous benefits for child health, including decreased infant mortality and morbidity, such as reduced risk of sudden infant death syndrome, otitis media, gastrointestinal infections, respiratory tract infections, asthma, and atopic dermatitis [26] . Decreased risk of cancers, cardiovascular disease, and diabetes are seen in both mothers who have breastfed and in their children [26] . Six months of exclusive breastfeeding is recommended by the American Academy of Pediatrics and the World Health Organization [1, 31] .
Although the majority of women (74 % in the US and 83 % in Mexico) initiate breastfeeding, very few accomplish the recommended exclusive 6 months (12 % in the US and 3 % in Mexico) [9, 26] . Perceived insufficient milk (PIM) supply is the most commonly reported breastfeeding problem and approximately 35 % of early weaning in full term infants is attributed to low milk supply [9, 26] . Women who experienced early undesired weaning due to breastfeeding problems in a large cohort study, including PIM, breastfed for an average of 1.2 months, compared to 7.0 months in mothers who did not experience disrupted lactation [24] . Breastfeeding rates in Mexico have declined in recent years and the most common reason for never breastfeeding in Mexican women was PIM (37.4 %), which was cited nearly three times more frequently than any other reason for not breastfeeding [10] .
Lactogenesis and lactation are governed by complex paracrine and endocrine signaling pathways [18] . Estrogen inhibits lactation by decreasing prolactin levels. The reduction of estrogen at birth, due to the removal of the hormone-secreting placenta, contributes to the initiation of lactogenesis II, the period of colostrum secretion, and subsequent lactation [18, 20] . Consequently, estrogen birth control pills are contraindicated in breastfeeding mothers due to their well-established effect of decreasing milk supply [12] . Nearly three decades ago, Rogan et al. hypothesized an effect of environmental estrogens on breastfeeding, finding a negative association between dichloro, di-phenyl trichloroethane (DDT) exposure and breastfeeding duration, which was also seen in a more recent retrospective study [11, 21] . However, studies of other estrogenic persistent organic pollutants, including dichlorodiphenyl dichloroethylene, and a variety of polychlorinated biphenyls, have shown mixed results [31, 30] .
Bisphenol A (BPA) is found in many plastics and in the lining of most canned food products [22] . Worldwide exposure to BPA is considered to be nearly universal with eight billion pounds of BPA produced annually [22] . Measurable urinary BPA was detected in 92.7 % of a U.S. population-based sample [4] and almost 88 % of participants in a Canadian pregnancy cohort [2] , indicating that, along with the high volume of production, human exposure is nearly ubiquitous. BPA interferes with estrogenic pathways by binding estrogen receptors and consequently has been associated with several reproductive health outcomes, including: altered hormone levels in males and females, sexual dysfunction, decreased sperm quality, impaired oocyte development, miscarriage, preterm birth, and low birth weight [5] . However, to our knowledge, no studies have assessed the relationship between BPA exposure and breastfeeding in humans. Animal studies have found reduced time spent nursing in BPA exposed groups, though the researchers have hypothesized alternative pathways than a direct effect of BPA on lactation [16, 19] . This paper has three main objectives. First, we present a novel hypothesis of the impact of BPA, a synthetic estrogen, on lactation. Next, due to the ubiquity of BPA exposure, the prevalence of reported low milk supply, and the established effects of estrogen on lactation, we investigate the effects of peripartum BPA exposure on breastfeeding rates at 1 month postpartum, PIM at 3 months postpartum, and breastfeeding duration. Finally, we provide a call for future research on the relationship between BPA and breastfeeding in larger cohorts and other populations.
Methods Sample
Women were recruited from maternity hospitals that are part of the Mexican Social Security Institute, a government-run healthcare system for families where at least one member is employed in the private sector. BPA levels were assayed in third trimester urine samples from 250 mothers who were a subset of those enrolled between 1997 and 2004 in the Early Life Exposure in Mexico to Environmental Toxicant (ELEMENT) project and whose children were re-recruited in 2012 [8] . Maternal age was reported at screening. Maternal education and pre-pregnancy BMI were collected by self-report at the first trimester visit. Of the 250 included, 216 had completed study visits at 1 and 3 months postpartum and completed interviews about breastfeeding. All participants gave informed consent and the study protocols were approved by the Ethics and Research Committees of the Mexican National Institute of Public Health, Mexican National Institute of Perinatology, and the University of Michigan.
BPA
Total BPA concentration (ng/mL) and specific gravity (SG) were measured in third trimester urine samples by isotope dilution-liquid chromatography-tandem mass spectrometry (ID-LC-MS/MS) at NSF International (Ann Arbor, MI, USA), as described elsewhere [13] . Specimen collection in this cohort occurred prior to scientific understanding of the effects of BPA and thus standard collection containers were utilized. The samples were analyzed retrospectively for BPA contamination and no evidence of contamination was found. We calculated values for SG-adjusted BPA concentrations using the following equation:
; where BPAadj = BPA, adjusted for SG; BPA = measured third trimester urinary BPA concentration (ng/mL); M = 1.013 ng/mL, the median SG for the study population; and SG = measured SG for each individual. Women were classified into tertiles of BPA exposure after adjustment for SG. While a high degree of temporal variability in BPA measures has been shown, classification into the highest tertile using one urine sample has a sensitivity of 0.64 and specificity of 0.74 [14] .
Breastfeeding
Surveys were administered at each of four follow up visits, scheduled at 1, 3, 6, and 12 months postpartum. At each visit, the mothers were asked ''Are you breastfeeding now?'' If the answer was 'no', they were asked ''When did you stop?'' and ''Why did you stop?''.
Mothers were categorized as either breastfeeding or not breastfeeding at 1 month postpartum based on whether they answered 'yes' or 'no', respectively, to the question of whether they were breastfeeding at the 1 month postpartum study visit. Not breastfeeding at 1 month was chosen as a primary outcome because: (1) it was the most proximal to the exposure measure; (2) most women initiate breastfeeding but if lactation is disrupted, they are most likely to quit within the first month [25] ; (3) milk supply is established within the first month; and 4) there is less influence from confounders, such as returning to work.
PIM was defined as cessation of breastfeeding by the third month postpartum, with a cited reason of either 'milk did not come in' or 'not enough milk'. All mothers who did not cease breastfeeding for those stated reasons were classified as not having PIM, whether or not they had continued breastfeeding at 3 months.
Breastfeeding duration was determined as the duration reported by the mother, at the first visit in which a mother reported not breastfeeding.
Statistical Analyses
Differences in means were obtained using a t test comparing log-transformed BPA (SG-adjusted) concentrations between women who were and were not breastfeeding at 1 month postpartum and those with and without PIM. Fisher's exact test was used to assess differences in these groups of women by demographic characteristics and BPA tertiles. Unadjusted and adjusted odds ratios (OR) were obtained from logistic regression using SAS Version 9.3 (SAS Institute, Cary, N.C.). Primary predictors included: (1) log-BPA concentration (SG adjusted) and (2) tertiles of SGadjusted BPA concentration. Outcomes were: not breastfeeding at 1 month and cessation of breastfeeding by 3 months due to PIM. We employed a confounders approach to covariate selection, limiting our covariate selection to those variables that could influence both the exposure and outcome, to maximize statistical efficiency [23] . Maternal age, years of education, and pre-pregnancy BMI were included as covariates in adjusted models. Finally, we used Cox proportional hazards models to compare breastfeeding duration between the three tertiles of BPA exposure.
Results
The mean (±SD) age of mothers at delivery was 27.8 (±5.8) years. Mean pre-pregnancy BMI, based on self-report height and weight, was 27.7 (±3.9) kg/m 2 . The average years of education was 11.1 (±2.9) years. The mean (±SD) of SG-adjusted BPA exposure was 1.07 (±1.33) ng/mL in women who were breastfeeding at 1 month postpartum, compared to 1.42 (±0.93) ng/mL in women who were not breastfeeding (p, difference of logadjusted means = 0.05) (Fig. 1a) . The mean (±SD) of SG-adjusted BPA exposure was 1.08 (±1.34) ng/mL in women without PIM, compared to 1.24 (±0.94) ng/mL in women with PIM (p, difference of log-adjusted means = 0.281) (Fig. 1b) .
In the lowest tertile of BPA exposure, 97.2 % of mothers were breastfeeding at 1 month postpartum, as compared to 94.7 and 89.9 % in the middle and highest tertiles, respectively (p = 0.01) ( Table 1 ). In the lowest tertile, 4.2 % of mothers stopped breastfeeding by 3 months due to PIM, compared to 8.0 and 8.7 % of in the middle and highest tertiles, respectively (p = 0.03) ( Table 1 ).
In models with continuous log-BPA as a linear predictor, the unadjusted odds (95 % CI) of not breastfeeding by 1 month increased by 2.05 (1.00, 4.21) for each unit increase in log-BPA exposure (SG-adjusted) (p = 0.05). The OR was 2.05 (1.00, 4.12) adjusted for maternal age, pre-pregnancy BMI, and years of education (p = 0.05). The unadjusted odds (95 % CI) of PIM increased by 1.48 (0.73, 3.01) for each unit increase in log-BPA exposure (SG-adjusted) (p = 0.28). The adjusted odds of PIM was 1.52 (0.73, 3.17) (p = 0.26). Figure 2 depicts the adjusted odds ratios of not breastfeeding at 1 month and of PIM by BPA tertiles. Adjusted ORs (95 % CI) for not breastfeeding at 1 month were 1.9 Fig. 1 Distribution of third trimester log-BPA (SGadjusted) levels in women: a who were (1) and who were not (2) breastfeeding at 1 month postpartum and b without (1) and with (2) PIM. Note sample sizes for each graph are as follows: A1 n = 213; A2 n = 13; B1 n = 211; B2 n = 15 (0.3, 10.7) and 4.3 (0.8, 21.6) in the second and third exposure tertiles, as compared with the first (lowest) (p = 0.06, trend) (Fig. 2a) . Adjusted ORs for cessation due to PIM were 1.8 (0.4, 7.7) and 2.2 (0.5, 9.5) for the second and third exposure tertiles, compared to the first (p = 0.29, trend) (Fig. 2b) .
We did not find any correlation between BPA exposure and duration of breastfeeding (results not shown).
Discussion
In this paper we investigated the relationship between BPA exposure and breastfeeding in a cohort of Mexican women. We found statistically significant associations, between tertiles of third trimester urinary BPA and percent of women who were not breastfeeding at 1 month postpartum and percent of women with PIM. Mean BPA exposure was higher for women not breastfeeding at 1 month postpartum and among women with PIM. In adjusted logistic regression models, controlling for maternal age, pre-pregnancy BMI, and educational attainment, the associations between BPA exposure and breastfeeding rates and PIM were not statistically significant. Given the large magnitude of the odds ratios and the limited statistical power of the study due to small sample size and high breastfeeding rates, these results should be interpreted cautiously. In the context of these limitations, the results suggest a potential association and a call for future research on the topic in larger samples is warranted.
While a direct effect of BPA on lactation is the simplest explanation for reduced breastfeeding rates and PIM, some (4) 8 (6) Tertile 3 69 (31.9) 10.1 (7) 8.7 (6) a p values obtained using Fisher's exact test Fig. 2 Odds of not breastfeeding at 1 month postpartum (a) and PIM (b), with 95 % confidence intervals, by tertiles of BPA exposure, adjusted for maternal age, education and pre-pregnancy BMI evidence exists for alternative or additional pathways. BPA exposure may increase the rate preterm of birth, which is known to negatively affect breastfeeding [6] . BPA exposure may reduce thyroid hormone levels which are necessary for lactation [15, 18] . BPA may also influence neurological development and consequently affect an infant's ability to suckle or latch effectively [16] . BPA might affect the mother-infant relationship through pathways influencing maternal care, as has been suggested by some animal studies [16, 19] . Of note, over 75 % of our sample was overweight or obese based on pre-natal BMI. Other studies have found positive associations between urinary BPA concentrations and BMI or obesity risk [3, 24, 28, 29] . It may be the case that the endocrine disrupting properties of BPA contribute to obesity development or, conversely, that BPA stored in fat cells is released into the bloodstream causing higher measured urinary BPA. Another reason could be that the foods containing high levels of BPA also cause weight gain. These hypotheses for the observed association have different implications for our results. If BPA causes weight gain, then BMI may lie in the causal pathway as a mediator of the relationship between BPA and lactation. In this case, our results would be underestimated. However, if elevated urinary BPA concentrations are a result of increased fat mass or if there is no causal relationship, there is potential for residual confounding to be affecting the results of our study.
The primary strength of this study is that it investigates a novel hypothesis about the relationship between BPA exposure, a synthetic estrogen, and breastfeeding. The sample size for this study led to wide confidence intervals for estimates, despite the large negative effect size of BPA on breastfeeding at 1 month. Several assumptions were made in the measurement of primary variables. We used third trimester maternal urine BPA concentrations as a proxy for postpartum BPA exposure. Although we adjusted for maternal education, other potentially influential measures of socioecomonic status were not available on the analytic sample. A strength of the study was the concurrent reporting of breastfeeding rather than retrospective collection of this information. We measured 'any breastfeeding,' rather than exclusive breastfeeding, however, and therefore could not differentiate between mothers who had no problems with milk supply from those who had limited supply but continued to breastfeed with supplementation. There may have also been mothers with low milk supply who stopped breastfeeding for other reasons or who did not initiate breastfeeding. We used breastfeeding rates at 1 month and PIM by month 3 as indicators of insufficient milk production. Although we observed no association between breastfeeding duration and BPA exposure, there are numerous potential confounding factors that may affect a mother's choice to continue breastfeeding as time progresses after birth. Despite these limitations, we did find suggestive evidence of a relationship between BPA and breastfeeding that should be further investigated in other cohorts.
Conclusions
These results suggest a potential negative association between BPA exposure and breastfeeding at 1 month and PIM at 3 months postpartum. Considering these results and the known inhibitory effect of estrogen on lactation, further study is warranted in larger cohorts and different populations. Additionally, future research should explore the potential role of breastfeeding as a mediator between BPA exposure and metabolic and developmental outcomes in children.
